Stroke is a dramatic complication of sickle cell disease (SCD), which is associated with cerebral vasculopathies including moya moya, intravascular thrombi, cerebral hyperemia, and increased vessel tortuosity. The spontaneous occurrence of these pathologies in the sickle cell mouse model has not been described. Here, we studied Townes humanized sickle cell and age-matched control mice that were 13 months old. We used in vivo two-photon microscopy to assess blood flow dynamics, vascular topology, and evidence of cerebral vasculopathy. Results showed that compared to controls, sickle cell mice had significantly higher red blood cell (RBC) velocity (0.73 mm/s vs. 0.55 mm/s, p ¼ 0.013), capillary vessel diameter (4.84 mM vs. 4.50 mM, p ¼ 0.014), and RBC volume flux (0.015 nL/s vs. 0.010 nL/s, p ¼ 0.021). Also, sickle cell mice had significantly more tortuous capillary vessels (p < 0.0001) and significantly shorter capillary vessel branches (p ¼ 0.0065) compared to controls. Sickle cell mice also had significantly higher number of capillary occlusive events (3.4% vs. 1.9%, p < 0.0001) and RBC stalls (3.8% vs. 2.1%, p < 0.0001) in the cerebral capillary bed. In post-mortem immunohistochemical analyses, sickle cell mice had a 2.5-fold higher frequency of cortical microinfarcts compared to control mice. Our results suggest that aged Townes sickle cell mice spontaneously develop SCD-associated cerebral vasculopathy.
Introduction
In homozygous sickle cell disease (SCD), the substitution of valine for glutamic acid in the beta chain of the globin portion of the hemoglobin molecule forms sickle hemoglobin. 1 Sickle hemoglobin polymerizes during conditions of hypoxemia, leadizng to defective erythrocytes that are fragile and easily lysed. 2 The resulting chronic hemolysis and anemia are accompanied not only by exuberant erythropoiesis with increased catabolism and protein synthesis in the individual, 3 but also by chronic inflammation secondary to ongoing vascular endothelial injury and recurrent vaso-occlusive events. 4, 5 Animal models of SCD offer valuable opportunities to test therapeutic interventions and to understand the biological basis for the complications of SCD, with each model possessing its own strengths and weaknesses. 6 Since its introduction, the Berkeley transgenic sickle cell mouse model has served well for the study of some features of human SCD, especially chronic erythrocyte sickling, tissue hypoxia, hemolytic anemia, and extramedullary hematopoiesis. 7 In addition, it has also been very useful for studying SCD complications such as sickle cell chronic lung disease, bone marrow infarction or embolization, retinopathy, renal papillary necrosis or splenic atrophy. 8 A limitation of this model is the lack of a humanized (mouse model which expresses exclusively human a-, b-, and/or g-globins) control. The observed histopathological changes of chronic tissue hypoxia and hemolytic anemia in the Berkeley model include infarcts and siderosis in the spleen, kidneys, and liver; 9 as well as, splenomegaly secondary 8 to exuberant extramedullary hematopoiesis. Manci et al. 8 previously stated that while the Berkeley transgenic sickle cell mice modeled very closely many aspects of human SCD, they failed to show spontaneous cerebrovascular pathology such as cerebral vasculopathy or infarcts, which has been well documented as a complication of SCD in humans. In a recent review, Hillery and Panepinto 10 reported that SCD is associated with microvascular cerebral vasculopathy, which might require time to develop in the SCD mouse model, possibly because of the inherent anatomical difference between the cerebral vascular bed in humans and mice.
Here, we used in vivo two-photon laser-scanning microscopy 11 to study and describe spontaneous cerebral microvascular changes in humanized Townes sickle cell and control mice that were 13 months old at the time of experimentation. 11 Previous reports that sickle cell mice lacked spontaneous cerebrovascular changes were from studies in mice with an age range of between one and six months. 8 We hypothesized that with age, Townes sickle cell mice will spontaneously develop cerebral vasculopathy which will be more severe compared to controls. We showed that aged (13 months old) Townes mice do indeed develop cerebral vasculopathy and as such might be a useful model for in vivo studies of spontaneous cerebral vasculopathy and cerebrovascular disease in SCD. In addition, this model system is a potentially useful platform for development and testing of drugs for the prevention SCD-associated cerebrovascular disease.
Methods

Animal preparation
The Institution Animal Care and Use Committees (IACUC) of Emory University and the Medical University of South Carolina, approved this study. All research was conducted in accordance with the National Research Council and National Institutes of Health Guide for the Care and Use of Laboratory Animals 8th Edition. 12 Reporting of methods, results and all aspects of this paper are in accordance with appropriate reporting standard (ARRIVE). Reporting of methods was based on the recommendations from the Quality of methods reporting in animal models of colitits.
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This is a cross-sectional study utilizing the Townes mouse model, a humanized sickle cell (with HbSS) and corresponding control (with HbAA) mouse model. A total of 10, 13 months old, male mice, 5 each of HbAA and HbSS were transferred from Emory University's Pediatrics animal facility to the Medical University of South Carolina, where all imaging studies were conducted. The mice were allowed to acclimatize for one week before surgery and imaging. After acclimatization, the mice were transferred to the laboratory in pairs for surgery. At both Institution's animal facilities, mice were housed with a 12-h light/dark cycle; water and feed were provided ad libitum. Each transgenic SCD mouse was processed and imaged alongside an age-matched HbAA mouse. We have previously described the methods for preparing and imaging the cerebral vasculature of mice using in vivo two-photon laser scanning microscopy. 14, 15 Random group assignment of the mice was not necessary because grouping was based on the genotype of the mouse, i.e. sickle cell or ''wild-type''/control mouse, respectively. But to control for potential differences between imaging sessions, we randomly decided whether a sickle cell mouse or control will be experimented (surgery and imaging) on in the morning and which will be experimented on in the afternoon.
The mice were anesthetized using 2% isoflurane (Patterson Veterinary) in pure oxygen in an induction chamber. They were then transferred to the operating stage where isoflurane was delivered through a nose cone and an adequate depth of anesthesia was maintained via titration based on the response of the mouse to a slight paw pinch. The skin was cleaned with betadine and then the cranial bone exposed. The periosteum was gently removed using fine dissecting tools under a dissecting microscope and then dental cement was used to affix a custom-made metal flange for head stabilization during imaging, and to form a head cap to protect the cut skin. A heating pad set at 37 C was used to maintain constant body temperature based on bio-feedback from an attached thermal probe.
Using a fine drill (Osada, Los Angeles, CA) and 0.5 mm drill burr (Fine Science Tools, Foster City, CA), a craniotomy was gently made by removing an approximately 3 mm Â 3 mm piece of skull bone overlying the sensory cortex. The skull bone and subsequently the pial surface were constantly moistened with artificial cerebrospinal fluid to avoid desiccation. Agarose gel was placed around the cranial window and a no. 0 glass coverslip laid over the window to overlap slightly the edge of the window. The glass slide was secured with dental cement before imaging was started.
In vivo imaging procedure Two-photon imaging was performed with a Sutter Moveable Objective Microscope (MOM) and a Coherent Ultra II Ti:Sapphire laser source. Mice were maintained under an appropriate level of isoflurane (0.5-1.0%) supplied in air (20-22% oxygen and 78% nitrogen, moisturized by bubbling through water) over the duration of imaging. Further, mice were given an intraperitoneal injection of 500 mL of saline before commencing imaging in order to reduce the risk of dehydration during imaging. The plasma was labeled by an intravenous injection of 0.03 mL of 2 MDa fluoresceindextran (FD2000S; Sigma-Aldrich) prepared at a concentration of 5% (w/v) in sterile saline. 14, 15 Procedures for blood flow imaging and analysis have been described previously. 15 Wide-field images were collected using a 4Â, 0.13 NA objective lens (Olympus UPLFLN 4Â) to generate vascular maps of the entire window for navigational purposes. High-resolution imaging of microvessels was performed by using a 20Â, 1.0 NA objective lens (Olympus XLUMPLFLN 20ÂW). High-resolution image stacks of the vasculature were collected across a 326 by 326 mm field and up to a depth of 400-500 mm from the pial surface. Lateral sampling was 0.3 to 0.6 mm per pixel and axial sampling was at 1 mm steps between frames.
All measurements of cerebral vasodynamic and microvascular parameters were obtained using in vivo two-photon blood flow imaging, with methods that were previously described. 15, 16 Immunohistochemistry At the conclusion of two-photon imaging, animals were allowed to fully recover from anesthesia, and then given Hypoxyprobe intravenously (see below). They were then sacrificed 1 h later. Animals were perfuse fixed with 4% (w/v) paraformaldehyde in PBS. Brain were extracted and post-fixed overnight at 4 C. In each mouse, the entire brain was sectioned because the infarcts were spontaneous and we did not know a priori, the location of infarcts. Brain sections were collected at a thickness of 50 mm and stored in PBS with 0.2% sodium azide. Anti-NeuN primary antibody from guinea pig host (ABN90; Millipore, Billerica, MA) was diluted in buffer consisting of 10% (v/v) goat serum (Vector Labs), 2% (v/v) Triton X-100 and 0.2% (w/v) sodium azide. Free-floating sections were then incubated overnight under slow nutation at room temperature. The following day, sections were washed in 50 mL of PBS for 30 min on an orbital shaker, incubated with an anti-mouse Alexa 594 secondary antibody for 2 ho, washed again in PBS, mounted, and dried on slides for 30 min. All slides were then sealed with Fluoromount-G (Southern Biotechnology Associates Inc.) and a No. 1 glass coverslip (Corning). Staining for other targets such as CD31 (550274 BD Biosciences) for the endothelium used a similar protocol as above. For pimonidazole hydrochloride (HP3-100 Kit, Hypoxyprobe TM ; Hypoxyprobe.com) immunostaining of hypoxic tissue, 17 pimonidazole was injected via the retro-orbital route 1 h prior to sacrifice at a concentration of 60 mg/ kg dissolved in saline and given at a volume of 100 mL per mouse. The bound hypoxyprobe adduct is detected using a rabbit anti-hypoxyprobe antibody. Finally, cell nuclei were labeled by adding Hoescht 33342 (SigmaAldrich) at a ratio of 1:100 in secondary antibody solution, 10-30 min prior to washing. Quantification of frequency of microinfarcts was done in 20 similarly located but non-consecutive 50 mM brain sections obtained from a region between 3.08 mm anterior and 1.94 mm posterior to the bregma. Sections were labeled with a combination of anti-mouse NeuN, Hypoxyprobe, and FITC or anti-mouse NeuN, antimouse CD31, and FITC. We defined a microinfarct as one that was !50 mM in diameter. Because we did not observe any of the classical symptoms of stroke (such hemiparesis) in our mice, we did not define any of the cerebral infarcts as a stroke irrespective of the size. The definition of microinfarct was also based on our prior findings from occlusion of a single penetrating arteriole. 18 Microvessel analysis Vessel masking. Image volumes (161 Â 161 Â 100 mm), collected with two-photon microscopy, were processed into binary masks using ImageJ software. 19, 20 Separate masks were created for skeletonization and vessel volume analysis, respectively. Processing of images occurred in the following order for each analysis: (5) A 5 Â 5 Â 5 mm, 3D median filter was applied to the binary mask to eliminate noise. (6) 3D skeletonization algorithm was run on the filtered binary mask. ''Skeletonize (3D)'' (http:// fiji.sc/Skeletonize3D) and ''Analyze Skeleton'' (http:// fiji.sc/AnalyzeSkeleton) plugins for Fiji software were used for these procedures. (7) Vessel segments with branch lengths of less than 5 mm, the average diameter of a capillary, were removed to eliminate branches fabricated by the skeletonization algorithm when vessels of larger diameter, i.e. >10 mm, were present in the image stack. (8) Using custom MATLAB and BoneJ plugins, the microvascular branch volume, length, and Euclidean distance between the tips of branch points were determined.
Quantification of vasodynamic and intravascular cellular parameters. User defined line scans, 16 videos, and Zstacks obtained from each mouse from each genotype group were analyzed, using custom MATLAB codes and Fiji/Image J software. Z-stacks were analyzed for: (1) the proportion of capillary vessels with intravascular occlusive events (defined a priori as an unlabeled intravascular object that is 10Â or more the diameter of an red blood cell (RBC) which is $7.5 mm (Supplemental Figure 1(a) ), (2) the proportion of capillary vessels with blood flow stalls, defined as a total cessation of blood flow on z-stacks or videos and (3) the number of RBCs arrested, defined as an RBC that is stationary for 1 or more second, expressed per unit time and unit length of capillary vessel segment (Supplemental Figure 1(b) ). Further, line scans were analyzed to quantify RBC velocity using custom MATLAB codes. 21 Capillary diameter was manually measured using ImageJ software. RBC flux was calculated using the formula 17
where F is the RBC volume flux (cortical blood flow) through a vessel segment in nL/s, v is the velocity of RBC and d is the diameter of the vessel. Although a technical limitation of the above formula is that it assumes laminar flow which is not the case in capillaries which have ''single file flow,'' but nevertheless allows an estimation of the impact of lumen diameter changes cooccurring with RBC velocity change. Euclidean distance, a measure of vessel tortuosity and the average microvascular branch length were obtained from the analysis of skeletonized 3D image reconstruction of the z-stacks.
Image processing, statistical considerations, and data analysis. Image processing, analysis and scaling, and video processing were done using the combination of Adobe CS6 (Adobe Systems Co., San Jose, CA), Fiji/ Image J, 20 and Microsoft Movie Maker (Microsoft Õ Corp. Redmond, WA). All image processing and analysis were performed in a blinded fashion by a coauthor (CLS) who was not aware of the genotype or group assignment of the mice at the time. Data analysis for comparison between sickle cell and control mice was done using the GraphPad Prism software (GraphPad Software Inc., La Jolla, CA). Data were checked for normality using the Shapiro-Wilk test and then the Mann-Whitney U-test was used for comparison between sickle cell and control mice because of the heteroscedasticity in our data based on Levene's F-test for equality of variance. Since this was an exploratory study, we did not formally perform an a priori sample size calculation. Our study sample size was chosen as five mice per genotype group based on our prior experiments and publications using this mouse model. [22] [23] [24] We had noted from prior experiments that a minimum of four mice in each genotype group was needed to show a statistically significant difference in end organ damage score between sickle cell mice and controls. Quantitative results are presented using bar dot plots, comparing sickle to control mice and with a p-value of <0.05 considered statistically significant. Qualitative data are presented as representative videos or an array of histochemical images.
Results
Cerebrovascular morphology and cerebral vasodynamics in sickle cell compared to control mice
All animals included in the study were analyzed for the results presented below. We used 13 months old male Townes sickle cell and control mice in this study. Analysis of cerebral vasodynamic measurements revealed that sickle cell mice had significantly higher capillary RBC velocity (0.73 mm/s vs. 0.55 mm/s, p ¼ 0.013) compared to controls (Figure 1(a) ). In addition, sickle cell mice also had significantly larger capillary vessel diameter (4.84 mM vs. 4.50 mM, p ¼ 0.014) compared to controls (Figure 1(b) ). Since RBC volume flux is a function of vessel diameter and RBC velocity, sickle cell mice had significantly higher RBC volume flux (0.015 nL/s vs. 0.010 nL/s, p ¼ 0.021) compared to controls (Figure 1(c) ).
Sickle cell mice also had gross evidence of altered cerebrovascular topology (Supplemental Video 2(a) to (d)). Specifically, we determined the Euclidean distance of capillary branch-points, i.e. the 3D distance between two branch-point vertices, which has been shown to indicate the level of tortuosity of a vessel. 25, 26 The average Euclidean distance was significantly shorter in sickle cell mice (13.5 mm vs. 39.5 mm, p < 0.0001) compared to controls (Figure 2(a) ), indicating that the sickle cell mice had significantly more tortuous capillary network. Consistent with this, the average capillary length was also significantly shorter in sickle cell (10.6 mm vs. 19.3 mm, p ¼ 0.0065) compared to control mice (Figure 2(b) ).
Sickle cell mice have significantly more spontaneous intravascular pathologies
Using images from line scans and 3D image stacks, an assessor (C.L.S) who was blinded to the genotype of the mice counted the number of vessels with occlusive events (clots or adherent cells that were !10Â the size of an RBC; Supplemental Video 3(a) for control mouse and, Supplemental Video 3(b) for sickle cell mouse) or RBC stalls (capillary segments with stationary RBCs). These measurements were then expressed as a percentage of the total number of vessels examined (Figure 3 ). Sickle cell mice had a significantly higher percentage of cerebral vessels with occlusive events (3.4% vs. 1.9%, p < 0.0001) per image field compared to controls (Figure 3(a) ). Similarly, sickle cell mice had significantly higher percentage of vessels with RBC flow stalls (3.8% vs. 2.1%, p < 0.0001) compared to controls (Figure 3(b) ). Consistent with the higher incidence of flow stalls in sickle cell mice, there was a significantly greater number of arrested RBCs (20.8 vs. 13.6, p ¼ 0.036) per 100 mm of vessel length per minute, among sickle cell mice compared to controls (Figure 3(c) ). An arrested RBC was defined as one that remained motionless for 1 s or longer.
Significantly higher prevalence of spontaneous cortical microinfarcts in sickle cell mice
After completion of two-photon imaging, mice were injected intravenously with Hypoxyprobe, a marker that binds tissues with less than 10 mmHg pO 2 content, providing an immunohistochemical target for identifying hypoxic brain regions. Brains were then extracted, sectioned, and immunolabeled for Hypoxyprobe, along with markers of neuronal viability, NeuN, and endothelial cells, CD31. The occurrence of cortical microinfarcts was a prominent feature in the brains of sickle cell mice (Figure 4 ). Microinfarcts manifested as localized regions devoid of NeuN immunoreactivity, indicating loss of neuronal viability (Figure 4 (a) and (d); left panels). They closely resembled the columnlike shape of microinfarcts induced by direct occlusion of cortical penetrating arterioles or venules in the mouse brain. 27 We also observed microinfarcts in aged controls, although they were smaller in area and significantly less frequent compared to sickle cell mice (Figure 4) . Furthermore, supportive of the idea that spontaneous microinfarcts arise from the blockage of cortical penetrating vessels, we observed changes consistent with a tissue response to ischemia. This included: 
Discussion
In this study, we showed that aged Townes sickle cell mice spontaneously develop cerebrovascular pathologies that are akin to those seen in human SCD. The observance of cerebral vasculopathy in children with SCD prompted prior efforts to study the cerebral vasculature of sickle cell mice that were six months old or younger. 8 However, cerebrovascular disease in general, is an age-related phenomenon, and thus the goal of this study was to examine cerebrovascular function and pathology in an aged sickle cell mouse model and to compare it with matched controls.
We observed a significantly higher capillary RBC velocity in sickle cell mice compared to controls, which recapitulates what had been demonstrated in children and adults with SCD. 28, 29 This increase in RBC velocity is thought to reflect increased compensatory cardiac output. However, we also observed a slight dilation of brain capillaries in sickle cell mice, which would reduce blood flow resistance and also increase velocity. A high RBC velocity is associated with shortened RBC transit time, which could negatively impact oxygen extraction, with significant neurological consequences as seen in SCD. 28, [30] [31] [32] In addition, we noted that sickle cell mice have greater vascular tortuosity and significantly shortened vessel branches. These structural changes may contribute to the greater number of RBC stalls we observed in the capillary beds of sickle cell mice. Our finding of shorter vessel branches supports earlier reported observations of ineffective collateral vessel formation, also known as moya moya. 33 Moya moya refers to short tufts of blood vessels that are ineffective in perfusing localized cerebral tissue despite their increased number. They have been associated with a significantly increased risk for stroke among individuals with SCD. 34 Our study supports this finding in humans given that the sickle cell mice had both shortened and tortuous vessels as well as a higher frequency of cortical microinfarcts.
One key observation was that sickle cell mice had a 2.5-fold increased frequency of cerebral microinfarcts compared with controls. The exact relationship between this finding and above reported capillary level vascular topological and vasodynamic differences between sickle cell and control mice is still unknown and will be the subject of further studies in our laboratory. Overall, cerebral infarcts were cortical in location. Among the sickle cell mice, about two-thirds of microinfarcts were observed between the rostral and bregmatic region, with the rest observed after the bregma (Figure 4 ), while there was no observable pattern in the location of the infarcts among controls. Another important observation was the significantly higher prevalence of cerebral intravascular occlusive events in sickle cell compared to control mice. These cerebral vaso-occlusive events resemble the peripheral vasoocclusive events that are the hallmark of SCD and could conceivably be partially responsible for the cortical microinfarcts. We also observed multiple ''thrombi'' circulating in the sickle cell mice in vivo but not in the control mice. The clinical significance of this finding is still unknown since a similar observation has not been reported in children or adults with SCD. But a recent study reports that individuals who were heterozygous for the sickle cell mutation (i.e. having sickle cell trait), have an increased risk for atrial fibrillation 35 and in the context of vascular cognitive impairment, atherosclerosis or atrial fibrillation can lead to the generation of microthrombi that circulate into the brain to occlude cerebral small vessels. 36, 37 This is thought to be a source of microinfarcts in the aging brain, and may also play a role in development of microinfarcts in SCD. Since microinfarcts have recently been linked to an increased risk for dementia, 38 it is possible that the accumulation of these lesions may also contribute to cognitive decline in SCD. [39] [40] [41] A surprising finding was the observation of spontaneous cerebral infarcts among the control mice (Figure 4(d) ). We reasoned that this might be a consequence of the age (13 months at time of experiment) of the control mice we used in this study. But, as earlier stated, the frequency of cortical microinfarcts was still significantly higher among sickle cell mice compared to age-matched controls. Finally, we noted that the average area of microinfarcts was significantly larger in sickle cell compared to control mice. We report this observation with the caution that we do not know the age of the infarcts in sickle cell or control mice, making a true comparison difficult. But given our knowledge of the pathobiology of SCD, and this mouse model, we do not expect the control mice to have microinfarcts at an earlier age compared to sickle cell mice. This is because if the infarcts occurred earlier in controls, they would have had more time to heal and involute, thus reducing their size. Our discussion on these microinfarcts is limited by the fact that we did not ascertain their origin. However, their remarkable resemblance to microinfarcts induced by the occlusion of single penetrating arterioles or perhaps venules by photothrombosis, 42 suggests that they may arise from the occlusion of penetrating arterioles or venules by one or more pathobiological processes in SCD. Further, the detection of local hypoxic tissue suggests that microinfarcts in sickle cell mice are likely a consequence of vascular occlusion. Future studies are needed to determine the role of vascular adhesion molecule and other mediators of macro and microvascular remodeling in the etiology of spontaneous cerebral microinfarcts in SCD.
A limitation of our study is the fact that it is a crosssectional study and as such we are unable to make any solid claims of causality or mechanisms. But we did observe in our model, pathologies that have been reported to be associated with high incidence of stroke in humans with SCD. Further, we were not able to document clinical stroke symptoms in our model. A possible reason could be that a stroke severe enough to generate clinical symptoms would result in mortality due to dehydration (animal unable to drink) or aggression from cage mates. In addition, the size of the infarcts we documented on histology is too small to induce perceptible sensorimotor deficits. However, observing spontaneous microinfarcts is significant because of the well-established link between microinfarcts and cognitive function in humans with SCD. This later point is the subject of ongoing studies in our laboratory. These limitations do not diminish the significance of our findings, which show the presence of spontaneous cerebrovascular pathologies in an aged sickle cell mouse model, thus providing a tool for mechanistic and drug development studies.
In conclusion, we have shown the utility of a new approach to study the cerebrovascular consequences of SCD, using a combination of in vivo two-photon laser microscopy with post-mortem immunohistochemistry in an aged sickle cell mouse model. Using this approach, we have been able to measure abnormalities in microvascular blood flow and structure associated with SCD with high precision. This model system has potential for the longitudinal study of structural and molecular events involved in the evolution of SCDassociated cerebrovascular diseases and also for drug discovery.
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